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ABSTRACT
Radio pulsars found in binary systems with short orbital periods are usually fast
spinning as a consequence of recycling via mass transfer from their companion stars;
this process is also thought to decrease the magnetic field of the neutron star being
recycled. Here, we report on timing observations of the recently discovered binary
PSR J1755−2550 and find that this pulsar is an exception: with a characteristic age
of 2.1 Myr, it is relatively young; furthermore, with a spin period of 315 ms and a
surface magnetic field strength at its poles of 0.88× 1012 G the pulsar shows no sign of
having been recycled. Based on its timing and orbital characteristics, the pulsar either
has a massive white dwarf (WD) or a neutron star (NS) companion. To distinguish
between these two cases, we searched radio observations for a potential recycled pulsar
companion and analysed archival optical data for a potential WD companion. Neither
work returned conclusive detections. We apply population synthesis modelling and
find that both solutions are roughly equally probable. Our population synthesis also
predicts a minimum mass of 0.90 M for the companion star to PSR J1755−2550 and
we simulate the systemic runaway velocities for the resulting WDNS systems which
may merge and possibly produce Ca-rich supernovae. Whether PSR J1755−2550 hosts
a WD or a NS companion star, it is certainly a member of a rare subpopulation of
binary radio pulsars.
Key words: stars: neutron — white dwarfs — pulsars: general — pulsars: individual:
PSR J1755−2550
1 INTRODUCTION
The All-Sky High Time Resolution Universe (HTRU) Pulsar
survey (Keith et al. 2010) conducted with the 64-m Parkes
radio telescope between 2010 and 2015 has greatly increased
the number of known pulsars in binary systems. Among
these new discoveries is PSR J1755−2550 (Ng et al. 2015).
At the time of the publication of the discovery paper, only a
preliminary timing solution was available for this pulsar: it
was known to have a relatively long spin period (P = 315 ms),
an orbital period of 9.7 d and an orbital eccentricity of about
0.09. Further timing campaigns at the Lovell and the Effels-
berg telescopes spanning 2.6 yr have significantly improved
? E-mail: cherry.ng@dunlap.utoronto.ca
the positional uncertainty and broken its degeneracy with
the spin-down rate. We find in this work that the pulsar has
a large spin-down rate ( ÛP = 2.4× 10−15). These values place
PSR J1755−2550 in a region of the P − ÛP diagram that, al-
though densely populated by normal, non-recycled, isolated
pulsars, is very sparsely populated by binaries (see Fig. 1).
The only way for the binary pulsar PSR J1755−2550 to
avoid having been recycled is if either it has a main-sequence
(MS) star companion or it is the second-formed compact ob-
ject in the system. As we shall argue later (see Section 3.3),
we find that the scenario with a MS companion is the least
likely. Therefore, in this paper, we focus our investigation
on whether PSR J1755−2550 could be the second-formed
compact object in a binary. Such a binary is very unusual;
in fact there are only four known cases, which are anno-
© 2018 The Authors
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Figure 1. Top panel: The classical P − ÛP diagram of all binary
radio pulsars. Plotted here are the observed ÛP values without any
correction for the kinematic Shklovskii effect (Shklovskii 1970).
Bottom panel: Companion mass versus spin period of all binary
pulsars. For systems with unknown orbital inclination we plot the
median companion mass instead, corresponding to i = 60◦. The
error bars indicate the range of minimum to maximum companion
mass corresponding to i = 90◦ and i = 26◦, respectively. In both
panels, the data points are colour-coded according to their binary
companion type. Ultra-light (UL) companions are represented by
black, helium (He) WDs by pink, carbon-oxygen (CO) WDs by
red, main-sequence stars by gray and DNS (NS-NS) systems by
blue. The subject of this paper, PSR J1755−2550, is shown as a
star symbol. The four binary systems where the observed pulsar
is the second-formed compact object are also annotated.
tated in Fig. 1 for comparison. PSRs B2303+46 (Thorsett
& Chakrabarty 1999) and J1141−6545 (Manchester et al.
2000) are the only two binaries where a young neutron star
(NS) is orbiting an old, massive white dwarf (WD) compan-
ion, confirmed by their optical identifications (van Kerkwijk
& Kulkarni 1999; Antoniadis et al. 2011). This requires a
fine-tuned formation scenario with an initial binary of two
stars with typical masses in the range 6 − 10 M, which un-
dergo mass reversal during the mass-transfer phase (Tauris
& Sennels 2000; Davies et al. 2002). Another possible mem-
ber of this population is PSR J1906+0746 (Lorimer et al.
2006b; van Leeuwen et al. 2015), however, the nature of its
companion has not yet been confirmed, but given its mass
(1.322 ± 0.011M) it is likely to be a NS. That would im-
ply PSR J1906+0746 is the second-formed NS in a dou-
ble neutron star system (DNS), with the first-formed likely
to be a (still undetected) recycled pulsar. Such a case is
again a statistically rare find, because in a DNS the second-
formed (non-recycled) NS has a much shorter radio lifetime
compared to the recycled, first-formed NS. Indeed, out of
all the known DNS systems, it is almost always the first-
formed NS that is observed as a radio pulsar. The only
confirmed case where we see the second formed pulsar is
PSR J0737−3039B, but in this system we also see the first-
formed pulsar, PSR J0737−3039A: this is the well-known
“double pulsar”system (Burgay et al. 2003; Lyne et al. 2004).
In either case, PSR J1755−2550 has an unusual forma-
tion history and is thus an object of interest for binary stellar
evolution. In Section 2 of this paper, we describe the radio
observations taken and present an update of the timing so-
lution. In Section 3 we discuss various possible formation
scenarios of PSR J1755−2550, and in Section 4 we present a
population synthesis investigation for WDNS binaries. Fur-
ther potentially observable clues are discussed in Section 5,
and we conclude our findings in Section 6.
2 RADIO TIMING OBSERVATIONS
2.1 Observational set-up
The majority of the timing observations of PSR J1755−2550
have been taken at the Jodrell Bank Observatory with the
Lovell 76-m telescope, using a Digital Filterbank system
(DFB) backend. The DFB is based on the implementation
of a polyphase filter in FPGA processors with incoherent
dedispersion. The Jodrell DFB has a bandwidth of 384 MHz
with a central frequency at 1532 MHz. These observations
have roughly weekly cadence and each integration is of the
order of half an hour. A handful of DFB observations were
also recorded at Parkes, with a bandwidth of 256 MHz and
a central frequency of 1369 MHz.
A dedicated timing campaign was conducted at the Ef-
felsberg 100-m radio telescope, with the main goal of ob-
taining high-quality multi-frequency polarimetry data and
to perform a deep search for a potential neutron star com-
panion of PSR J1755−2550. All Effelsberg observations were
made using the PSRIX backend (Lazarus et al. 2016a) in
baseband mode with a nominal bandwidth of 200 MHz.
About 5 hr were spent all together observing at a central
frequency of 4.8 GHz (C-band). No detection is made above
a signal-to-noise ratio of 5.
2.2 Derivation of times-of-arrival and the timing
solution
Our analysis of the radio timing data made use of the
psrchive data analysis package (Hotan et al. 2004). Each
observation is first corrected for dispersion and folded at the
predicted topocentric pulse period. A high signal-to-noise
template is created by co-adding all available observations.
This template is then convolved with each individual pro-
file to produce a time-of-arrival (TOA) (Taylor 1992). We
MNRAS 000, 1–13 (2018)
Nature of the binary PSR J1755−2550 3
57000 57200 57400 57600 57800
MJD
−0.004
−0.002
0.000
0.002
0.004
P
o
st
-f
it
 r
e
si
d
u
a
ls
 (
s)
0.0 0.2 0.4 0.6 0.8 1.0
Orbital phase
−0.004
−0.002
0.000
0.002
0.004
P
o
st
-f
it
 r
e
si
d
u
a
ls
 (
s)
Figure 2. Post-fit timing residuals of PSR J1755−2550 with the
parameters listed in Table. 1 taken into account. We use different
colours to represent different data sets, with black squares be-
ing Jodrell 1.3 GHz TOAs, green triangles being Parkes 1.3 GHz
TOAs, red circles being Effelsberg 1.3 GHz and blue diamonds
being Effelsberg 2.6 GHz TOAs. The top panel shows residuals as
a function of MJD, whereas the bottom panel plots residuals as
a function of orbital phase.
generate one TOA per observation by scrunching in time
and frequency to maximize the signal-to-noise ratio of each
TOA. The spin and orbital periods of PSR J1755−2550 are
relatively long and the high DM of 751 cm−3 pc means little
scintillation. Hence no timing parameter should vary signif-
icantly over the course of each of the half hour integration.
The DE421 Solar System ephemeris of the Jet Propulsion
Laboratory (Folkner et al. 2009) is used to transform the
TOAs to the Solar System barycentre.
Finally, the tempo2 software package (Hobbs et al.
2006) is used to fit a timing model to all TOAs, taking into
account the astrometry, spin, and orbital motion of the pul-
sar. To describe the orbit of PSR J1755−2550 we have used
the Damour-Deruelle (DD) timing model (Damour & Deru-
elle 1986) in tempo2; this is a theory-independent descrip-
tion of eccentric binary orbits. Since almost all of our timing
data were taken at 1.3 GHz with a narrow bandwidth, we do
not have a good handle on the precision of the DM and hence
have fixed the DM at the nominal value of 751 cm−3 pc. The
time span of our data set is still too short to constrain any
Table 1. Best-fit parameters for PSR J1755−2550. Values in
parentheses are the nominal 1-σ uncertainties in the last digits.
Spin and astrometric parameters
Right ascension, α (J2000) 17:55:38.400(4)
Declination, δ (J2000) −25:50:22.0(18)
Spin period, P (ms) 315.1960620987(16)
Period derivative, ÛP 2.4337(14)×10−15
Dispersion measure, DM (cm−3 pc) 750.9(4)
Binary parameters
Orbital period, Porb (days) 9.6963342(6)
Projected semi-major axis, x (lt-s) 12.28441(14)
Epoch of periastron, T0 (MJD) 56904.1265(4)
Eccentricity, e 0.08935(2)
Longitude of periastron, ω (◦) 129.680(15)
Timing model
Timing epoch (MJD) 57329
First TOA (MJD) 56901.8
Last TOA (MJD) 57848.3
Weighted RMS residuals (ms) 0.99
Reduced χ2 ‡ 1.9
Solar System ephemeris DE421
Binary model DD
Derived parameters
DM-derived distance (kpc) 4.91−10.29†
Mean flux density at 1.3 GHz, S1.3GHz (mJy) 0.20
Mean flux density at 2.6 GHz, S2.6GHz (mJy) 0.04
Characteristic age, τ (Myr) 2.1
Characteristic dipole surface magnetic
field strength at equator, Beq (1012 G) 0.88
Mass function (M) 0.0211707(16)
Minimum companion mass∗, mc,min (M) 0.39
Median companion mass∗∗, mc,med (M) 0.47
‡ The reduced χ2 stated here represents the value before the
application of EFAC. Note that the rest of the timing solutions have
EFACs incorporated, bringing the reduced χ2 to unity.
† Using the electron density model from Yao et al. (2017) we obtain
a smaller derived distance of 4.9 kpc while the Cordes & Lazio
(2002) model predicts a further distance of 10.3 kpc.
∗ mc,min is calculated for an orbital inclination of i = 90◦ and an
assumed pulsar mass of 1.3M .∗∗ mc,med is calculated for an orbital inclination of i = 60◦ and an
assumed pulsar mass of 1.3M .
proper motion and parallax. Given the limited timing preci-
sion typically associated with a slow pulsar, it might be years
before we can reliably measure proper motion and parallax.
We have held these parameters fixed at zero. As a last step,
we compensate for any remaining systematic effects (e.g.
instrumental or minor radio frequency interference) by cal-
culating dataset-specific calibration coefficients (also known
as ‘EFAC’). These coefficients are applied to scale the TOA
uncertainties such that each final respective reduced χ2 is
unity, in order to produce reliable uncertainty in the fitted
parameters. See Fig. 2 for the post-fit timing residuals. If
we assume a pulsar mass of 1.3 M, using Equation (2) of
Weisberg & Taylor (1981) we obtain a predicted precession
of periastron ( Ûω) in general relativity of 0◦. 0069 yr−1. Given
our current precision in the measurement of ω (0◦. 015, see
MNRAS 000, 1–13 (2018)
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Figure 3. Pulse profiles observed at Parkes at 1.3 GHz (top
panel) and at Effelsberg at 2.6 GHz (bottom panel). The inte-
grated profiles shown here have 128 phase bins. The total inten-
sity is represented by the black solid line, linear polarization by
the red dashed line and circular polarization by the blue dotted
line.
Table 1), we do not expect to be able to detect Ûω in the
short term.
2.3 Pulse profile and polarization study
The Parkes and Effelsberg observations record four Stokes
parameters in each frequency channel and thus can be used
to study the polarization profile. A calibration scan was
taken before or after each of the targeted pulsar observa-
tions. This calibration scan triggers a square-wave signal of
the noise diode coupled to the receptors in the feeds, which
can be used to polarization calibrate for the differential gain
and phase between the feeds, in turn enabling the retrieval
of the true Stokes parameters.
Fig. 3 show the integrated polarization profiles of
PSR J1755−2550 in total intensity, linear and circular
polarization, observed at 1.3 and 2.6 GHz respectively.
No significant position angle (PA) has been measured.
PSR J1755−2550 has a simple profile comprising only one
component and does not appear to be polarized linearly nor
circularly. We also do not obtain any constraining rotation
measure. It has been proposed in the literature that young,
energetic pulsars with ÛE > 1035 erg s−1 tend to have signif-
icant linear polarization (see, for example, Fig. 8 in Wel-
tevrede & Johnston 2008). PSR J1755−2550 has a relatively
high ÛE of the order of 1033 erg s−1. The lack of linear polar-
ization in this case is note-worthy but not inconsistent with
literature. We convolve the profile at 2.6 GHz with a scatter-
ing tail, and measured a characteristic scattering timescale
of ∼13.5(14) ms at 1 GHz. This small hint of scattering could
also have decreased the amount of polarization.
3 FORMATION SCENARIO
3.1 Formation of binary pulsars
The standard formation scenario of a pulsar in a binary sys-
tem is reasonably well established in the literature (see e.g.
Bhattacharya & van den Heuvel 1991). It all begins with
two main-sequence stars, where the initially more massive
star evolves first, expands and transfers mass to its compan-
ion star, before it undergoes a supernova (SN) explosion to
produce a NS. The newborn NS gradually spins down af-
terwards, as it radiates its rotational energy similar to the
case of a normal radio pulsar (Lorimer & Kramer 2004). At
a later stage the secondary star expands after depletion of
hydrogen core burning and initiates mass transfer to the NS.
In this process, known as “pulsar recycling”, the NS becomes
rejuvenated as it gains mass and angular momentum (e.g.
Alpar et al. 1982; Tauris & van den Heuvel 2006). At the
same time, the strength of its surface magnetic field is re-
duced (e.g. Bhattacharya 2002). Hence, the outcome of the
recycling process is an old NS with rapid spin (small value
of P), which enables the radio emission mechanism to re-
activate, and a small ÛP as a result of the reduced B-field.
From the P− ÛP diagram in the top panel of Fig. 1, it can
be seen that most of the binary pulsars cluster around short
spin periods of millisecond duration (i.e. MSPs) and small
spin-down rates of the order of 10−21 to 10−19. The longer the
duration of this recycling phase, during which the source is
visible as an X-ray binary, the faster the final spin period of
the pulsar and the smaller the period derivative. An impor-
tant factor determining the degree of recycling is therefore
the initial mass of the secondary star (see e.g. Tauris 2011,
for a review). The more massive the secondary star is, the
less efficient is the recycling process.
If the secondary star is sufficiently massive, it will un-
dergo a SN explosion itself to form a younger, second NS.
There are about a dozen or so of these DNS binaries known
to-date (e.g. Martinez et al. 2015; Lazarus et al. 2016b). As
can be seen in Fig. 1, the first-formed NSs in DNS systems
tend to have relatively long spin periods and large period
derivatives compared to MSPs. These NSs are therefore ob-
served as mildly recycled pulsars and their properties are
brought about by the so-called Case BB Roche-lobe over-
flow (Tauris et al. 2015), following the high-mass X-ray bi-
nary and common-envelope phase (Tauris & van den Heuvel
2006).
Finally, if the secondary star is not massive enough to
undergo core collapse, the mass-transfer phase can last much
longer (up to several Gyr, Tauris & Savonije 1999), before
the companion star eventually sheds its outer layer and re-
sults in a white dwarf (WD). This often leads to very efficient
recycling. As apparent from Fig. 1 (see also Fig. 9 in Tauris
MNRAS 000, 1–13 (2018)
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Figure 4. Eccentricity as a function of orbital period for binary
radio pulsars with hydrogen-rich companions in the Galactic disk.
These systems can host either so-called redbacks (stripped MS
stars) or regular MS stars. PSR J1755−2550 is plotted for com-
parison and does not fit in either of these two populations, see
Section 3.3. The error bars on all data points are much smaller
than the size of the plotted dots.
et al. 2012), the most recycled systems are indeed those with
ultra-light (UL) and helium WD (He WD) companions, fol-
lowed by those with heavier masses, namely carbon-oxygen
(CO WD) or oxygen-neon-magnesium (ONeMg WD) WDs
(Lazarus et al. 2014). The NSs displaying the least amount
of recycling are those found in DNS systems.
3.2 PSR J1755−2550 – the case of a young pulsar
The combination of a large ÛP value (2.4 × 10−15) and
a relatively slow spin period (P = 315 ms) identifies
PSR J1755−2550 as being a non-recycled radio pulsar (i.e.
there are no signs of accretion onto the NS after its forma-
tion). The pulsar is thus relatively young and a member of
a binary system with a companion star in the mass range
mc = 0.4 − 2.0 M at the 95% C.L. (based on its measured
mass function, see Section 3.4). The possibilities of the na-
ture of the companion star, seem therefore to be restricted
to the following three possibilities: a MS star, a WD or a
NS. We now investigate each of these cases in more detail.
3.3 A MS star companion?
In Fig. 4, we have plotted the eccentricities as a function
of orbital period for all Galactic disk binary radio pulsars
with hydrogen-rich companion stars. These companions can
be either so-called redbacks (stripped MS stars) or regular
MS stars. The redback systems (Roberts 2011; Chen et al.
2013) are all fast-spinning MSPs with low B-fields in circu-
lar orbits. Hence, we can rule out the latter possibility for
PSR J1755−2550.
We note that PSR J1755−2550 has a much smaller ec-
centricity (e ' 0.09) than all the known young radio pulsars
with MS-star companions which have e >∼ 0.60 (see Fig. 4).
Furthermore, of the six known radio pulsars with a MS-
star companion only one system has a MS star with a mass
which is potentially less than 3 M (PSR B1820−11, Clifton
& Lyne 1986; Lyne & McKenna 1989) and that system has
an orbital period of 358 days (i.e. much larger than that
of PSR J1755−2550). It has even been suggested (Portegies
Zwart & Yungelson 1999) that this companion star might
be a WD. Taken together, all these strongly suggests that
the companion of PSR J1755−2550 is not a regular MS star,
although this possibility cannot be ruled out completely (see
also Section 4.3 for further discussions based on population
synthesis).
However, as we will see in Section 5, there is no clear
evidence for any MS star associated with PSR J1755−2550
in optical observations. Furthermore, there is no evidence
for orbital variability (see bottom panel of Fig. 2) normally
associated with tidal and rotational effects caused by an
extended object, as observed for the pulsars with optically
identified MS companions. We do not measure any variations
in the orbital period ( ÛPorb), with a statistically insignificant
best-fit value of −2(5)×10−9. Nor do we see any evidence for
any eclipses that might have been caused by outgassing of
such a companion, which are also common observations in
systems with identified MS companions.
In the rest of this paper, we therefore investigate the
more likely case of PSR J1755−2550 being the last-formed
member of a double degenerate system. The interesting
question now is whether it has a WD or a NS companion star
(i.e. whether it is a WDNS system, where the NS formed af-
ter the WD, or a DNS system). In the following, we discuss
the two different possibilities based on the mass function, its
orbital parameters, and the outcome of a population synthe-
sis simulation.
3.4 Mass function of PSR J1755−2550
In Fig. 5, we have plotted the companion star mass as a
function of the unknown orbital inclination angle. At first
sight, the somewhat small mass function of PSR J1755−2550
( f = 0.0212 M) strongly favors a WDNS system compared
to a DNS system. Based on this function alone, and assuming
a pulsar mass of 1.30 M (a typical NS mass of a young,
binary, non-recycled pulsar, e.g. Tauris et al. 2017), there is
only about a 5–6% chance that PSR J1755−2550 has a NS
companion, requiring an almost face-on orbit with an orbital
inclination angle between 26◦−17◦ for an assumed first-born
NS mass between 1.15 − 2.1 M.
However, our population synthesis (see Section 4.1) pre-
dicts a minimum WD mass of 0.90 M (Fig. 6) for any
WD member of a WDNS system. This is not surprising
since to produce such a system a mass reversal between the
two stars is needed, such that the WD forms first (from
the originally most massive star, i.e. the primary star) and
the NS forms afterwards from the secondary star which ac-
cretes enough mass from the (giant) primary star that it
undergoes core collapse to produce a NS (e.g. Tauris & Sen-
nels 2000). Hence, a WDNS system can form from an ini-
tial zero-age main sequence (ZAMS) binary with two rel-
atively massive stars near the threshold limit for produc-
ing a NS. As an illustrative example, consider a ZAMS bi-
nary with 9 M and 8 M stars. The 9 M primary star
is slightly too light to undergo core collapse, thus it nec-
essarily forms a massive (> 0.90 M) WD. However, the
8 M secondary star accretes enough material to go over
MNRAS 000, 1–13 (2018)
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Figure 5. Companion mass (mc) as a function of cos(i). Here i
the orbital inclination angle and cos(i) is a quantity with uniform
distribution for randomly oriented orbits of the PSR J1755−2550
system. The different curves correspond to the unknown mass
of PSR J1755−2550 and represent typical masses of the second-
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roughly the region where PSR J1755−2550 has a NS companion.
The semi-shaded area marks the region where PSR J1755−2550
could have either a NS or a WD companion. The most likely com-
panion mass ranges for NS (blue) and WD (red) are indicated in
accordance with the discussion in Section 3.4. An orbital inclina-
tion of ≤ 26◦ is required for a DNS system.
the threshold (∼ 10−11 M) to produce a NS. When it goes
SN it produces a young pulsar, which never gets recycled.
Given that WDNS systems only form with a massive
WD (> 0.90 M), and that NSs also have a mass above
this limit, means that the first-formed compact object (i.e.
the current companion star to the observed radio pulsar)
must have a mass of at least 0.90 M. This fact, in com-
bination with the measured mass function, means that the
relative statistical probability for PSR J1755−2550 being a
DNS system is much greater than the aforementioned 5-6 %.
As a first na¨ıve guess, one could assume a first-born
NS with a mass between 1.15 − 2.1 M. In this case, we
find that the probability for PSR J1755−2550 being a DNS
system is about 46%. This is estimated assuming an a pri-
ori randomly oriented orbit of PSR J1755−2550 with re-
spect to Earth, and where a WD companion would have a
mass between 0.9 − 1.35 M. However, the masses of the
first-born NSs in DNS systems that have been measured
thus far fall between 1.30 − 1.60 M (O¨zel & Freire 2016).
Hence, assuming this would also apply to the potential NS
companion of PSR J1755−2550, we obtain an estimate for
the probability of this system being a DNS system to be
about 24%. Assuming a most likely WD mass in the inter-
val 1.0−1.35 M (see Section 4.1 and Fig. 6) the probability
of PSR J1755−2550 being a DNS system converges to a final
value of about ∼32%. This value changes by less than 0.5%
when considering a pulsar mass between 1.15 − 1.45 M.
This is a remarkable increase in probability (compared
to that from the mass function alone) and suddenly makes
a DNS system a much more likely scenario. Moreover, there
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period for a population of WDNS binaries with an orbital period
of less than 800 days obtained from our population synthesis sim-
ulations. The shown orbital period is the initial value right after
the young NS has formed. The colour coding reflects the number
of counts in each pixel. Top plot : A corresponding histogram of
the WD mass distributions with orbital periods below (red) and
above (black) 800 days.
are further constraints from the orbital parameters which
we now discuss.
4 POPULATION SYNTHESIS
To distinguish further between a WDNS and a DNS na-
ture of the PSR J1755−2550 system, we have taken advan-
tage of population synthesis and simulated a large number
of WDNS and DNS systems. We use ComBinE (Kruckow
et al. 2018), an updated version of the population synthe-
sis code which was previously applied to WDNS systems by
Tauris & Sennels (2000) and DNS systems by Voss & Tau-
ris (2003). At Milky Way metallicity, ComBinE interpolates
the stellar models of Brott et al. (2011) and includes new cal-
culations of their extension to lower masses. In the applied
mass range, a simple power-law of −2.7 is assumed for the
initial mass function. The initial binary separations are lim-
ited between 10 and 104 R and follow a flat distribution of
the logarithmic orbital period. As most interacting binaries
circularise before and during mass transfer, we apply initial
circular orbits.
MNRAS 000, 1–13 (2018)
Nature of the binary PSR J1755−2550 7
To produce WDNS and DNS systems from progeni-
tor stars at Milky Way metallicity, we find that the ZAMS
mass range of primary and secondary stars is between 5
and 35 M. The binaries which evolve to a system like
PSR J1755−2550 are well within this range. As the mass
range is restricted and the initial mass function favours
low-mass stars, we simulated 50 million systems to produce
Figs. 6 and 7. All other parameters are like those in the de-
fault parameter set of Kruckow et al. (2018). This especially
includes the assumption of rather inefficient mass transfer, a
common envelope treatment with envelope structure infor-
mation obtained from the detailed stellar models, and a SN
kick distribution depending on the amount of mass stripping
of the progenitor star via binary interactions prior to its ex-
plosion. In the analysis, we focus on the main population
with orbital periods less than 800 days at the formation of
the young NS, since wider systems would likely have avoided
any binary interactions.
4.1 Orbital period and eccentricity
Fig. 6 shows the distribution of our simulated WDNS sys-
tems in the WD mass–orbital period plane and a histogram
of the WD masses in these simulated WDNS systems. We
note that indeed the majority (> 95%) of the simulated WDs
have masses between 1.0−1.35 M. For comparison, we have
plotted the WD masses of the only two known WDNS sys-
tems, PSRs J1141−6545 and B2303+46.
Fig. 7 shows the orbital period and eccentricity dis-
tribution for all simulated WDNS and DNS systems. This
plot shows the orbital parameters at the birth of the double
degenerate systems. However, the binaries which are born
in relatively close orbits (Porb <∼ 1 day, and especially those
which are eccentric) will experience gravitational damping
and evolve to shorter periods and more circular configura-
tions. For example, the tight binary PSR J1141−6545 has a
measured orbital period decay of ÛPorb = −4.0 × 10−13 (Bhat
et al. 2008).
A zoom-in in the region near the orbital parame-
ters of PSR J1755−2550 is shown in the bottom panel of
Fig. 7. We notice that we can reproduce the location of
PSR J1755−2550, and its relatively large value of Porb ' 9.7d
and small value of e = 0.09, for both WDNS and DNS
systems. Based on our population synthesis modelling, we
therefore conclude that from this information alone, we
cannot distinguish between the two different possibilities
(WDNS vs DNS) for the nature of PSR J1755−2550.
The eccentricity of PSR J1755−2550 is quite small (es-
pecially given its relatively large orbital period), compared
to our simulated systems in general. This could be an in-
dication of a small kick imparted on the NS in the SN
explosion, or simply a kick direction which favors small
post-SN eccentricities. For comparison, the eccentricities of
PSRs J1141−6545 and B2303+46 (the two systems where we
know the companions are WDs) are e = 0.17 and e = 0.66,
respectively. Interestingly, the orbital eccentricities at birth
for the other two young pulsars (PSR J1906+0746, which
could be in a DNS, and PSR J0737−3039B, which certainly
is in a DNS) are 0.085 and 0.11 respectively (Lorimer et al.
2006a). These are quite similar to the orbital eccentricity of
PSR J1755−2550.
If PSR J1755−2550 is a DNS system, recent simulations
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Figure 7. Top plot: Orbital eccentricity (e) versus orbital period
(Porb) of the simulated WDNS systems (red squares) and DNS
systems (blue squares) obtained from our population synthesis.
The location of PSR J1755−2550 is marked with a black dia-
mond. The colored diamonds are the other four known young pul-
sars in binary systems: PSRs J0737−3039B (Kramer et al. 2006),
J1906+0746 (Lorimer et al. 2006b), J1141−6545 (Bhat et al. 2008)
and B2303+46 (Stokes et al. 1985). Bottom plot: A zoom-in of the
top plot. Both simulated WDNS and DNS systems are seen to
populate the area close to PSR J1755−2550.
of the kinematic effects of the second SN explosion in this
system (Tauris et al. 2017) indicate that the kick velocity
was most likely less than 100 km s−1 (although a small tail
of larger kick solutions exists). This is similar to their find-
ings for PSR J0737−3039A/B and PSR J1906+0746 (which
nonetheless has a much larger high-velocity tail as it is not as
well constrained). The former system is strongly constrained
to kicks smaller than 70 km s−1 if its very small proper mo-
tion is taken into account.
4.2 Relative formation rate of WDNS versus DNS
systems
From our simulations, we find that the relative formation
rate of WDNS and DNS systems are quite similar: 70% and
30%, respectively. A thorough investigation of this ratio, and
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how it depends on initial parameters and various physical
assumptions, is beyond the scope of this paper. However,
we do notice that a roughly equal formation rate of these
two subpopulations of binary pulsars systems does not seem
unreasonable, given that (besides PSR J1755−2550) two sys-
tems of each kind have been discovered so far.
4.3 On the possibility of a MS companion star
Using the population synthesis code ComBinE (Kruckow
et al. 2018), we also simulated a large population of NS–MS
systems based on 50 million initial ZAMS binaries. Here, we
considered MS companion stars within the mass interval of
0.4 to 1.0 M, given the constraint from pulsar timing on the
minimum mass of the companion star (Table 1) and the lack
of an optical counterpart (Section 5.1). Of these systems,
only less than 2 per cent have eccentricities below 0.10 (and
< 4 per cent have e < 0.15) right after the SN explosion.
Subsequent long-term tidal interactions could in principle
help to circularise more high-eccentricity systems. However,
the circularisation timescale, τcirc (e.g. Claret & Cunha 1997,
and references therein) scales with orbital period and stellar
radius to large powers (up to τcirc ∝ P7orb R−9 in the case of
stars with convective cores and radiative envelopes) and thus
these systems with relatively wide orbits will only start to
circularise efficiently once the companion star becomes a red
giant star. Therefore, they will not produce NS-MS binaries
with e ∼ 0.1.
Although population synthesis always comes with un-
certainties based on the applied input physics (e.g. the
common-envelope phase prior to the SN creating the NS
Tauris & van den Heuvel 2006), we find it reasonable to
state that only relatively few NS-MS systems end up in or-
bits with small eccentricities and orbital periods somewhat
resembling that of PSR J1755−2550. We do find many NS-
MS systems with orbital periods of less than about 5 days
(the progenitors of many low-mass X-ray binaries and short-
orbital period binary MSPs). A thorough analysis of NS-MS
systems, however, is beyond the scope of this paper.
In contrast, the NS in systems with a compact object
companion (i.e. WDNS or DNS systems) and an eccentricity
and period like PSR J1755−2550 (shown in Fig. 7) are more
common by more than an order of magnitude (compared to
NS-MS binaries) according to our population synthesis simu-
lations. Thus based on our binary modelling alone, although
we cannot exclude a MS companion star to PSR J1755−2550,
we find it most likely that the companion star is a compact
object.
4.4 Merging WDNS systems and Ca-rich SNe
It has been suggested that the merger event of a massive WD
and a NS might produce a Ca-rich SN (Metzger 2012). These
observed dim SNe (or transients) are often found at large
offset distances from their associated host galaxies (Kasli-
wal et al. 2012; Foley 2015). For example, it was shown by
Lyman et al. (2016) that about 1/3 of these Ca-rich SNe
have offsets > 20 kpc. Hence, to explain this extreme offset
distribution many scenarios have been proposed, including
unusual formation sites such as globular clusters or dwarf
satellite galaxies, which are difficult to detect. Moriya et al.
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via gravitational wave (GW) radiation before and after a Hubble
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(2017) argued that some of the Ca-rich gap transients might
be related to explosions of ultra-stripped stars.
To probe whether such offset Ca-rich SNe could origi-
nate from our simulated WDNS systems escaping their birth
sites, we plot in Fig. 8 the resulting 3D systemic velocities of
our simulated population of WDNS binaries. It is seen that
those WDNS systems which merge within a Hubble time
typically have velocities of less than 100 km s−1, although a
small high-velocity tail extends up to 350 km s−1.
These resulting systemic velocities depend, of course,
on the applied NS kick distribution. Here, the applied NS
kick distribution is taken from Kruckow et al. (2018), which
reflects that many ultra-stripped SNe result in newborn NSs
with small kicks (Tauris et al. 2015, 2017). In the lower panel
of Fig. 8, we show the correlation between the applied NS
kick velocities and the resulting systemic velocities of our
simulated WDNS systems.
We conclude that our simulated WDNS systems are not
able to escape the gravitational potential of somewhat mas-
sive host galaxies (like our Milky Way) if they originate from
a disk population. Mergers of NSs and massive WDs, how-
ever, can also be produced from NSWD systems such as
MNRAS 000, 1–13 (2018)
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PSR J1952+2630 (Lazarus et al. 2014), i.e. binaries with
a recycled pulsar and thus where the NS forms before the
WD. A kinematic investigation of those systems is beyond
the scope of this paper. Finally, we note that the similar
peak luminosity of Ca-rich SNe to those of SNe Ib has led to
the suggestion that Ca-rich SNe may also arise from the core
collapse of massive stars (e.g. Gvaramadze et al. 2017). How
to account for the often observed large offsets of Ca-rich SNe
with respect to their host galaxies remains to be explained
in this formation model — unless multiple formation paths
for Ca-rich SNe are possible.
Regardless of PSR J1755−2550 being a WDNS or a
DNS system, its orbital period is much too large to pro-
duce a Galactic merger event. However, the kinematics of
both populations is dominated by the SN explosion produc-
ing the last-formed compact object, and thus we predict a
proper motion of PSR J1755−2550 consistent with a 3D sys-
temic velocity of less than 100 km s−1.
5 OBSERVABLE CLUES
5.1 Optical search of a first-formed WD
Any optical detection of the companion would provide
definitive evidence for the WD argument in the case of
PSR J1755−2550. The deepest archival data we found cov-
ering the vicinity of PSR J1755−2550 is from the pan-
STARRS survey (Chambers 2006; Kaiser et al. 2010). There
are five available bands (g, r, i, z, y) in total. We performed
point spread function (PSF) photometry of each filter using
daophot. Magnier et al. (2016) find that the mean astro-
metric deviation relative to the GAIA catalogue is about
5 milliarcseconds in this region of the sky, and furthermore
the astrometry precision of the translation between the pul-
sar timing frame of reference and the GAIA frame of refer-
ence is likely to be even smaller (Wang et al. 2017), so the
dominant positional uncertainties are those from the timing
measurements themselves (Tab. 1) and are about two arc-
seconds. Since PSR J1755−2550 has a very low Galactic lat-
itude, absorption is likely significant along the line-of-sight.
We thus focus our analysis on the y−band (around 1 mi-
crometer) data where the amount of absorption is the least
among the pan-STARRS filters (Fig. 9). We find no object
at the position of PSR J1755−2550 down to a detection limit
of z = 22.3 and y = 21.3 from the stacked image (Fig. 10).
Using the measured DM of 751 cm−3pc and the Cordes
& Lazio (2002) model (hereafter NE2001) of free electron
distribution in the Milky Way, we obtain a DM-derived dis-
tance of 10.3 kpc. However, a recent electron density model
(Yao et al. 2017, hereafter YMW16) puts the DM-derived
distance of PSR J1755−2550 much closer, at 4.9 kpc.
In Fig. 11 we plot theoretical cooling curves for WD
masses ranging from 0.53 to 1.17 M calculated with MESA
(Paxton et al. 2013) and the DA stellar atmospheres of Hol-
berg & Bergeron (2006), Kowalski & Saumon (2006) and
Tremblay et al. (2011)1. The top panel shows the absolute
magnitude in the pan-STARRS y-band. The uncertainty in
the distance of PSR J1755−2550 makes it hard to quantify a
1 http://www.astro.umontreal.ca/∼bergeron/CoolingModels
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Figure 10. Colour-Magnitude Diagram of objects in the Pan-
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of the position of PSR J1755−2550 from radio timing. The 5-σ
detection limit is z = 22.3 and y = 21.3.
theoretical apparent magnitude. Assuming a minimum dis-
tance of 4.9 kpc and no extinction, we have to add 13.46
magnitudes (the distance modulus corresponding to 4.9 kpc)
to the values on the y-axis. As mentioned, PSR J1755−2550
is located very close to the Galactic plane and even in the
y-band we have a minimum extinction of ∼5 magnitudes
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Figure 11. White dwarf cooling models for 6 different WD
masses. Top plot: Absolute magnitude vs WD age in the pan-
STARRS y−band. Bottom plot: Absolute magnitude vs WD age
in JWST F356W filter.
(Schlegel et al. 1998; Schlafly & Finkbeiner 2011)2. These
sum to an apparent magnitude of 25-30 for a 1 Myr-old WD
(roughly the spin-down age of the pulsar) depending on its
mass, which is well beyond the limit of the sensitivity of the
archival pan-STARRS data, and thus our non-detection is
not conclusive. In the lower panel of Fig. 11, we show the
same cooling models if we were to observe with the F356W
filter of the James Webb Space Telescope (JWST). WDs are
fainter in this redder filter. However, the absorption in this
2 http://irsa.ipac.caltech.edu/applications/DUST/
band is much lower, less than a magnitude at a distance
of ∼5 kpc. A constraining optical detection with the JWST
could be possible although still challenging.
In Sections 3.3 and 4.3, we discussed the scenario of
the companion being a MS star. In particular eclipses and
changes in the orbital period are often seen in pulsars with
MS companions. Furthermore, population synthesis indi-
cates that it is difficult to form a binary with eccentricity
as low as the PSR J1755−2550 system. The pan-STARRS
data can provide some additional clues. Although a low-
mass MS star would have been too dim to be detected, a
MS star with a mass of ∼0.9 M would have an absolute
magnitude of about 3 in the pan-STARRS y−band. There-
fore, if PSR J1755−2550 was at the minimum distance of
∼5 kpc, then a MS star more massive than 0.9 M would
have an apparent magnitude brighter than 21, and would
have been detected in the pan-STARRS data studied here.
This means that if we knew for certain that PSR J1755−2550
was at ∼5 kpc, we could exclude a MS companion more mas-
sive than 0.9 M. However, at a distance of ten or more
kpc, extinction would make it impossible to detect even a
much higher mass MS star. A post-MS star would be even
brighter. Again, the uncertainty on the distance makes it
difficult to draw conclusions. There is no evidence of an MS
or post-MS companion more massive than 0.9 M, but its
presence cannot be excluded by the optical data unless the
PSR J1755−2550 is about five or fewer kiloparsecs away.
5.2 Search for radio pulsation from the potential
first-formed NS
If PSR J1755−2550 is indeed a DNS system, we know from
observations of the first-formed (recycled) NSs in other DNS
systems, that there is roughly a one-in-three chance that it
would be beaming in our direction (Kramer et al. 1998),
yielding an estimated 10% probability of detecting radio pul-
sations from the companion star of PSR J1755−2550 (given
our estimation of a ∼32% chance of PSR J1755−2550 being
a DNS system, cf. Section 3.4). If detected, it would make
PSR J1755−2550 the only other observed double pulsar sys-
tem apart from PSR J0737−3039 (Burgay et al. 2003; Lyne
et al. 2004).
To look for radio pulsations from the potential first-
formed NS companion, we searched the seven observations
available to us (Table 2). These consist of one Parkes scan in
filterbank-mode taken in 2013 and six baseband observations
from the Effelsberg radio telescope in 2015, covering multiple
frequency bands (1.3, 2.6, and 4.8 GHz). Three observations,
however, were severely affected by RFI, which made the data
unusable for search purposes. We were thus left with two
1.3-GHz and two 4.8-GHz observations, each of which was
processed as follows.
The PRESTO3 routine rfifind was used to identify RFI
in the time and frequency domain and the resultant mask
was employed in subsequent processing. The observing band
was then de-dispersed using the prepsubband routine. In
the case of the two 4.8-GHz observations, de-dispersion was
done only once, at the nominal measured DM of the pul-
sar (751 ± 3 cm−3 pc). Indeed, at such a high observing fre-
3 http://www.cv.nrao.edu/∼sransom/presto
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Table 2. Search-mode observations used to search for radio pulsations from the companion of PSR J1755−2550.
Telescope Date Central Bandwidth Gain System Sampling Length Notes Slimit Llimit
Freq. (MHz) (MHz) (K Jy−1) Temp. (K) Time (µs) (s) (mJy) (mJy kpc2)
Parkes 04/04/2013 1352 340 0.74 30.6 64.00 4300 0.07 1.7−7.4
Effelsberg 30/08/2015 1347 200
1.37 22
61.44 7150 0.02 0.5−2.1
Effelsberg 31/08/2015 1347 200 248.32 3590 Severe RFI −
Effelsberg 01/09/2015 2627 200
1.50 17
248.32 6580 Severe RFI −
Effelsberg 02/09/2015 2627 200 248.32 9930 Severe RFI −
Effelsberg 04/09/2015 4837 200
1.55 27
61.44 8460 0.02 0.5−2.1
Effelsberg 05/09/2015 4800 125 245.76 8310 0.02 0.5−2.1
quency, the possible pulse drift across the observing band
due to an incorrect DM is, within the uncertainty, negli-
gible ( 1 ms). On the contrary, at 1.3 GHz, an error of
∼ 0.75 cm−3 pc is sufficient to cause a pulse drift of 1 ms
across an observing band of 400 MHz. This would result in
a significant smearing of the signal in the case of an MSP.
For this reason, the Parkes and Effelsberg 1.3-GHz observa-
tions were de-dispersed at multiple DM values, covering the
2-σ uncertainty range (745−757 cm−3 pc), with steps of 0.25
and 0.50 cm−3 pc, respectively. This guaranteed a maximum
pulse drift of a fraction of a ms across the band, for the
best DM trial, in both observations. After de-dispersing and
taking the previously-made mask into account, the prep-
subband routine also summed the frequency channels and
referred each time sample to the Solar System barycentre
(SSB), thus producing RFI-free, barycentered, de-dispersed
time series.
To maximize our search sensitivity, we completely re-
moved the effect of the orbital motion, in order to make
the putative companion pulsar appear as if it were isolated.
This was achieved utilizing a code that has been developed
and previously used for the search of the possible pulsar
companion of PSR J0453+1559 (Martinez et al. 2015). The
code recalculates the time stamp of each sample of the time
series by subtracting the Rømer delay due to the compan-
ion orbital motion. The time series is then made uniformly-
sampled again through a linear interpolation.
The Rømer delay associated with the companion de-
pends on the characteristics of the companion orbit. The
latter are all known with the exception of the projected
semi-major axis, xc. This, however, is directly related to the
projected semi-major axis of the pulsar orbit, through the
equation xc = q xp, where q = mp/mc is the ratio between the
mass of the pulsar (mp) and that of the companion (mc).
Because q is currently unknown, the parameter was
searched in the range 0.32 − 3.125. Such an interval more
than covers all the plausible values for the possible mass
range of NSs. Indeed, assuming a minimum companion
mass of 0.8 M (an even more conservative value than the
0.9 M derived from our population synthesis) q ≤ 3.125 for
mp ≤ 2.5M; on the other hand, by exchanging the roles,
(thus assuming mp ≥ 0.8M and mc ≤ 2.5M) we have
q ≥ 0.32. The choice of the step size, ∆q, was also crucial
to minimize the total computational time and to avoid the
production of an unnecessarily large number of candidates,
without degrading our sensitivity. The criterion used was the
following: for each observation, we chose ∆q such that, in the
case of the best trial value, the residual orbital modulation
would cause a maximum pulse drift, seen within the obser-
vation length, of less than 0.25 ms (i.e. less than a quarter of
spin period of the fastest possible recycled MSPs allowed by
theoretical models). This depends on the particular orbital
phase range spanned by the companion in the considered ob-
servation, which can be easily computed through the pulsar
ephemeris. The de-modulated time series was then searched
with the accelsearch routine, summing up to 8 harmonics
and with no acceleration.
The search, done for each q and DM trial, produced
several hundred thousands of candidates, which were succes-
sively greatly reduced in number by sifting algorithms. The
final few thousands of candidates were folded using the cor-
responding de-dispersed time series and the resulting plots
were inspected visually. For the 79 most convincing can-
didates we also folded the corresponding original filterbank
file, to examine the signal in the frequency domain. The vast
majority of the signals turned out to be very narrow-band
RFI that were not detected during the masking procedure.
None of the remaining candidate signals could be clearly as-
cribed to a pulsar. We conclude that no signal coming from
the companion was detected.
One effect that could lead to the non-detection is the
degradation in detectability due to scattering broadening.
The Cordes & Lazio (2002) electronic density model pre-
dicts a scattering timescale of ∼66 ms along the line-of-sight
of PSR J1755−2550 at an observing frequency of 1 GHz. As
mentioned in Section 2.3, we measure a much smaller char-
acteristic scattering timescale of ∼13.5(14) ms at 1 GHz. In-
deed, the profile of PSR J1755−2550 (see Fig. 3) does not
visually appear very scattered. Nonetheless, this amount of
scattering will surely prevent any MSP companion from be-
ing detected at 1.3 GHz. The scattering broadening should
be less severe at 2.6 GHz, but at the same time, the pulsar
flux density is also likely to get smaller.
Notwithstanding, our non-detections can be used to es-
timate limits on the flux density, at the different frequen-
cies, by applying the radiometer equation and assuming a
pulse duty cycle of 5 %. In turn, we can infer a luminosity
limit of the putative companion. We caution that any de-
rived luminosities are dependent on our knowledge of the
pulsar distances, which is not well determined in the case of
PSR J1755−2550. In Table 2, we quote the luminosity limit
using both the NE2001 and YMW16 electron density model.
The NE2001 model gives a higher DM distance compared to
the YMW16 model which is responsible for the more con-
servative (higher) luminosity limit. In either case, our lumi-
nosity limit is comparable to the lower bound of the known
pulsar population (see, for example, Fig. 11 in Ng et al.
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2015). The existence of a weak radio pulsar companion thus
cannot be entirely ruled out from our radio search.
6 CONCLUSION
We have observed the recently discovered radio pulsar
PSR J1755−2550 (Ng et al. 2015) over a timespan of 2.6 yr
using the Lovell Radio Telescope, the Parkes Radio Tele-
scope and the Effelsberg Radio Telescope. We find that
this pulsar has a large spin-period derivative of 2.4 × 10−15.
The combination of this value with a slow spin period
(P = 315 ms) and a non-circular orbit (e = 0.089), identifies
PSR J1755−2550 as being a non-recycled radio pulsar. From
its mass function, we have deduced that PSR J1755−2550 is
a member of a binary system with a companion star in the
mass range of 0.4 − 2.0 M at the 95% C.L. The nature of
the companion star is most likely restricted to the follow-
ing three possibilities: a MS star, a WD or a NS. From a
comparison to other radio pulsars with hydrogen-rich com-
panions, we find it unlikely that this system has a MS star
companion. We thus propose that PSR J1755−2550 is the
second-formed object in a double compact object binary.
Applying population synthesis modelling, we find that
the chances of PSR J1755−2550 being a WDNS system or
a DNS system are roughly equal. Our population synthesis
also predicts a minimum companion mass of 0.90 M and
typically a systemic velocity of less than 100 km s−1. We
conclude that PSR J1755−2550 could very well be a DNS
system and we estimate in total a ∼ 10% chance of detect-
ing its companion star as a recycled radio pulsar (taking
into account both the uncertainty of the nature of the com-
panion star and the beaming fraction in case it is a DNS
system). Our effort of searching for the plausible radio pul-
sar companion returns no detection and our luminosity limit
is comparable to the lower bound of the known pulsar pop-
ulation. We also attempted to look for signs of a WD com-
panion in archival Pan-STARRS data, but find no object at
the position of PSR J1755−2550 down to a detection limit
of z = 22.3 and y = 21.3.
Whether PSR J1755−2550 hosts a WD or a NS compan-
ion star, it will only be the third ever known WDNS, or the
third ever known DNS system where we observe the second-
formed NS, and thus it represents a rare subpopulation of
binary pulsars in either case.
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